In this study, activated carbons were prepared and tested as CO 2 adsorbents at a temperature of 273 K and at atmospheric pressure. African palm stone was used as the precursor material, which was initially impregnated with CaCl 2 solutions at different concentrations. The textural characterization of activated carbons was performed by nitrogen adsorption at 77 K. The energetic parameters were determined by immersion calorimetry in benzene and water. In addition, the total acidity and basicity were estimated using Boehm titrations. A maximum surface area of 1700 m 2 g −1 was obtained with a pore volume of 0.64 cm 3 g −1 . Immersion calorimetry provided results between −17.95 and −95.75 J g −1 in benzene and between −13.63 and −30.24 J g −1 in water. The materials had a maximum CO 2 adsorption capacity of 5.75 mmol CO 2 g −1 . It was found that the adsorption of gas increased with the total basicity and decreased with acidity. Finally, correlations were established between the textural characteristics, determined by gas adsorption and the immersion enthalpy data.
INTRODUCTION
Activated carbons are materials that are obtained by different processes aimed at developing a high degree of porosity and a high inner surface area. In general, an active carbon is comprised of microcrystallite-like units in the hexagonal planes that are not properly oriented, but are displaced relative to each other and overlapping with each other, such that they constitute a high percentage of highly disordered structure. In fact, the folding of hexagonal plates results in gaps of different sizes (generally < 2 nm), which make up the porosity of the material (Kaneko et al. 1992; Budinova et al. 2006) . The properties of each activated carbon depend on several factors, including the nature of the starting material, the activating agent used, the activation temperature and the presentation, among others. Likewise, these properties determine the possible uses of these materials. The production of activated carbon is linked to the purification of products and environmental protection. To the extent that demands for high-purity products require more sophisticated processes, and because emission standards have become more stringent, the production of activated carbon has evolved from the production of classic granular and powder forms to the development of fibres, fabrics and monoliths, among others. In these new techniques, it is possible to adjust the distribution of porosity or the chemical nature of the surface, or it may be necessary to impregnate the material with chemicals in order to increase selectivity in the removal of substances (Blanco et al. 2000; Mohan et al. 2008) .
Results of several studies have shown that, for practical applications, carbonaceous materials with both micropores and mesopores are required for achieving high adsorption (Kaneko et al. 1992; Blanco et al. 2000; Budinova et al. 2006; Mohan et al. 2008) . In general, micropores form the adsorption sites for the adsorbate, whereas mesopores are the diffusion pathways to reach the internal porosity. Thus, the development of carbon materials with controlled microporosity and mesoporosity is very important to achieve high adsorption capacity and good adsorption kinetics. The design of a porous structure with the desired size can be achieved by physical activation processes using CO 2 or H 2 O, or by chemical activation using agents such as ZnCl 2 , H 3 PO 4 , NaOH, AlCl 3 and CaCl 2 , or by the combination of these two techniques.
As a polluting gas, carbon dioxide has generated interest concerning its removal, as it is currently generated in large quantities in various industrial, domestic and urban areas. Carbon dioxide causes serious environmental problems that threaten the sustainability of ecosystems and the planet in general (Sjostrom and Krutka 2010; García et al. 2011; Plaza et al. 2012) . The use of activated carbon for the adsorption of this gas has become a topic of scientific interest, because control over the texture and chemical characteristics of the solid adsorbent are required to obtain a large adsorption capacity.
Considering the aforementioned concern, in this study, we assessed five samples of carbonaceous materials obtained by impregnation of African palm stone with two activating agents, namely, CaCl 2 and H 3 PO 4 . These substances were chosen because the aim was to obtain materials having a wide pore-size distribution (PSD) and with micropores and mesopores. It was expected that Ca would behave as a template for the development of mesopores and that the H 3 PO 4 would generate large porosity. The experimental data were used to make comparisons between the textural, chemical and energetic characteristics. Moreover, textural characterization was performed with nitrogen adsorption isotherms and the total acidity and basicity were estimated using Boehm titrations. Immersion calorimetry (benzene and water) was also performed. This technique is used to measure the thermal effects resulting from the immersion of a solid in a solvent; the solvent is generally a non-polar type with which the solid does not undergo any chemical interaction. Thus, a calorimetric method is used to measure the heat resulting from the interaction between a solid and the liquid, providing information about the enthalpy of immersion in a contact process that is set for a specific amount of the solid studied (Moreno and Giraldo 2000; Silvestre-Albero et al. 2001) . This type of characterization complements the information obtained by other techniques.
MATERIALS AND METHODS

Preparation of Materials
The palm stone was crushed and sieved to obtain particle sizes of 4 mm (granular carbon) and 38 µm (used in the preparation of the monolith). The precursor was initially impregnated with CaCl 2 solutions at 2, 3, 5 and 7 wt% (the use of H 3 PO 4 solution at 32% was necessary to facilitate the compaction process). This series is indicated by the label 'GPCa'. Impregnation is followed by concentration of CaCl 2 in each case. In all samples, impregnation was performed at a ratio of 1 g of precursor to 2 ml of solution. Impregnation was carried out at 358 K for 6 hours and then the temperature was increased to remove the excess solution. The granular material was then submitted to a carbonization process in a Carbolite horizontal furnace. The material was supported on a quartz container, under CO 2 flow (100 ml minute −1 ) at a heating rate of 3 K minute −1 at 1073 K. An isothermal arrest was performed at this temperature for 6 hours, and then the sample was heated for 2 hours at 873 K in a nitrogen atmosphere to remove the excess CO 2 (Juárez-Galán et al. 2009 ). Activated carbons were initially washed with 1M HCl solution and then with hot distilled water to remove residues of the impregnant until a neutral pH and conductivity between 5 and 10 mS cm −1 were achieved. Finally, the carbonaceous materials were dried in an oven at 383 K for 12 hours and stored in sealed plastic containers in a nitrogen atmosphere.
In addition, a honeycomb monolith (sample MPCa2) was prepared using the treatment method that provided the best textural parameters to the granular materials (2% CaCl 2 ) with the objective of evaluating the influence of the presentation shape of activated carbon on the CO 2 adsorption capacity. For the preparation of this monolith, the same method as described earlier for the granular materials was used, incorporating a warm compaction process, wherein the impregnated precursor was subjected to a pressure of 4500 psi at a temperature of 423 K in a uniaxial press (Almansa et al. 2004 ).
Characterization of Materials
All activated carbon monoliths were characterized by physical N 2 adsorption at 77 K using Autosorb 3-B (Quantachrome). Before characterization all the materials were degassed at 523 K. The micropore volume was calculated by applying the Dubinin-Radushkevich equation and the surface area was calculated by the BET method. The samples were also characterized by immersion calorimetry in benzene and water using a Calvet-type calorimeter (Moreno and Giraldo 2000; Silvestre-Albero et al. 2001) .
In addition, the total acidity and basicity of the materials were determined by Boehm titrations in which approximately 100 mg of the adsorbent was immersed in 25 ml of 0.1M NaOH and HCl solutions, using 50-ml plastic containers. The solutions were left at 298 K, manually agitated two times daily for 48 hours; the solutions were occasionally bubbled with N 2 to remove atmospheric CO 2 . The samples were finally titrated as 10-ml aliquots with previously standardized acid or base solutions.
The CO 2 adsorption capacity of the different activated carbons at 273 K and atmospheric pressure was measured using a volumetric system (Autosorb 3-B, Quantachrome). Before the adsorption experiments, the samples were outgassed at 523 K for 4 hours.
RESULTS AND DISCUSSION
Textural Characteristics
As mentioned in the 'Materials and Methods' section, all carbonaceous materials were characterized by the adsorption of nitrogen at 77 K. Using the data from this technique, the BET model was used to determine the surface area of the solids. For estimating the specific surface area, various theories have been proposed in which it is assumed that the solid surface is covered by closely packed layers of adsorbate, such that the sum of the cross-sectional areas of molecules adsorbed per mass unit represents an estimate of the surface area. The BET model was developed from a model proposed by Langmuir, and it allows extending the analysis to multi-layer adsorption. According to the model, the molecules adsorbed in a layer act as adsorption sites for the next layer, and at any pressure below the saturation pressure, there are surface fractions covered by 0, 1, 2, ... n layers of adsorbed molecules (Martín-Martínez 1990) . Figure 1 shows the N 2 adsorption isotherms of the materials obtained. It can be appreciated that for samples of the GPCa series [ Figure 1(a) ], the experimental conditions used during impregnation and carbonization provided moderately mesoporous solids, as observed by the Type IV isotherms with H4 hysteresis loops, characterized by the absence of a steep slope in the adsorption branch at high pressures, which creates a small loop; the adsorption-desorption branches are almost horizontal. This type of hysteresis loop is associated with solids with a PSD in the range of micropores, with a slit-pore shape, according to the IUPAC classification and demonstrated by other authors (Sing et al. 1985; Rouquerol et al. 1999) . closed elbow, characteristic of materials with narrow porosity. In the GPCa series, an increase in the CaCl 2 concentration caused a decrease in nitrogen adsorption by these materials. According to the textural characterization results, there was a difference between the GPCa2 and MPCa2 samples, despite being prepared under similar experimental conditions, as they presented different characteristics and isotherms; this can be explained by the presentation of these two materials. It is evident that the monolithic form in this case favours the formation of micropores, because due to pressing, the inter-particle space decreased. This conferred a significantly increased surface area, pore volume and adsorption capacity to the solid (LozanoCastelló et al. 2002) . Moreover, heating during pressing facilitates the development of porosity in solids, whereas in the granular form, the function of the activating agent prevails to generate a greater proportion of mesopores in the carbonaceous matrix. . The granular carbons had a proportion of mesopores between 23% and 37% of the total porosity, whereas in the monolith carbons this proportion was only 15%. Using the experimental data from N 2 adsorption at 77 K, the PSDs were calculated in the samples. For the determination of the PSDs of these materials, two microscopic models were used, which describe the adsorption and behaviour of fluids in pores at the molecular level: non-local density functional theory (NLDFT) and quenched solid density functional theory (QSDFT) (Neimark et al. 2009 ). In all samples, the QSDFT model was found to better fit the data (error of 0.21-0.42%) compared with the NLDFT model (1.19-1.61% error). comparison between the fit of the adsorption data for the sample 'GPCa2'. It can be seen that the data fit the QSDFT model better. This model presents advantages for PSD determinations in geometrically and chemically disordered carbon materials, because it takes into account the effects of heterogeneity and roughness of the surface (Neimark et al. 2009) . Figure 3 presents a comparison between the PSDs of the samples. It can be seen that, with an increasing Ca content in the materials of the GCa series, the volume of pores less than 20 Å decreased, whereas the volume of pores between 25 and 40 Å increased. Taking this into account, it can be said that the function of the impregnating agent is to widen the porosity of the carbon, thus providing materials with a broad PSD. Meanwhile, the MPCa2 sample had a greater volume of pores less than 20 Å compared with granular carbon. This behaviour is interesting because although the same method of production was used for all materials, this monolith had a high content of micropores, which can be attributed to the decrease in inter-particle spacing during the process of pressing the impregnated precursor.
Immersion Calorimetry
Different methods have been used, both physical and chemical, to characterize activated carbons. One of these methods is immersion microcalorimetry. Dubinin showed that, in a microporous solid without an external surface, the enthalpy of immersion is given by the following expression:
(1) ∆H (T) q net (T; )d 0
where q is the net heat of adsorption, θ is the coverage and T is the temperature. Stoeckli and colleagues established a relationship between the enthalpy of different types of activated carbons in various organic liquids and the parameters are obtained by vapour adsorption of the same liquid on the same solid. This is described by the equation of Stoeckli and Krahenbüehl (Rouquerol et al. 1999 ) (2) where β is the coefficient of affinity of the adsorbate, E 0 is the characteristic free energy of adsorption vapour reference, W 0 is the total volume of micropores of the solid, α is the coefficient of thermal expansion at temperature T and V m is the molar volume.
When equation (2) is applied directly to activated carbons with a small outer surface, the experimental enthalpy (∆H exp ) also contains a contribution from the external surface (S ext ), as explained by Stoeckli and Bansal in the following relationship:
where H i is the specific enthalpy of immersion of a non-porous open surface. From equation (3), the total area can be calculated as follows (Rouquerol et al. 1999) :
Stoeckli and colleagues used this technique for the characterization of the porous structure of a wide variety of carbonaceous materials such as activated carbon fibres (ACFs) and activated carbons; related studies evaluated the surface area and PSD of activated carbons, with non-porous carbon black as reference, assuming that the immersion enthalpy per surface area is proportional to the surface available to the immersion liquid (Rouquerol et al. 1999; Moreno and Giraldo 2000; Silvestre-Albero et al. 2001) .
In this study, the area was calculated by approximating the accessible surface area. For this, a non-porous carbon black was taken as a reference with a surface area of 30 m 2 g −1 . The specific enthalpy of liquid immersion was found to be 0.110 using the following equations (Denoyel et al. 1993 Table 2 shows the enthalpy values of benzene and water immersion. The immersion enthalpies in benzene were between −17.95 and −95.75 J g −1 and those in water were between 12.49 and 30.24 J g −1 . In addition, the results provide values for the accessible surface area by comparing these data with the areas calculated from the N 2 adsorption isotherms (Table 1 ). It is clear that there was a significant difference between the two values, as in all cases smaller accessible areas were obtained by immersion calorimetry in benzene. This behaviour can be attributed to possible restrictions in the kinetic type in narrow micropores for the benzene molecule due to its larger size (0.37 nm for slit-shaped pores and 0.56 nm for cylindrical pores) compared with nitrogen (0.36 nm), which generates a lower enthalpy value, and therefore a smaller accessible area. Figure 4 shows the thermogram of immersion calorimetry in benzene for the MPCa2 and GPCa2 samples, which had the highest and lowest enthalpy of immersion, respectively. The first peak corresponds to contact between the solid and benzene, whereas the other peak represents electrical calibration. The heat generated by the immersion of the samples is proportional to the area under the curve of the relationship between thermometric potential and time. Figure 5 shows the relationship between the BET area, the enthalpy of immersion in benzene and the concentration of CaCl 2 . This correlation is interesting, as it was possible to observe similar behaviour in the data obtained by entirely different techniques. First, it was noted that an increasing concentration of the activating agent generated a decrease in the surface area as determined by N 2 adsorption. Likewise, benzene immersion enthalpy decreased, indicating a smaller surface available for interaction with the molecule. These behaviours can probably be attributed to the increase in the Ca content of the structure, which generates a collapse of the porosity or hinders its removal in the washing step, resulting in blockage in the porous net, and therefore decreased accessibility of the molecules used in these techniques. 
Acidity and Basicity of Materials
The total acidity and basicity of the carbons were 120-369 µmol g −1 and 54-164 µmmol g −1 , respectively. Figure 6(a) shows the relationship between the CO 2 adsorption capacity of the materials prepared and the total acidity and basicity. It was found that gas adsorption increased with the total basicity of the carbons and decreased with acidity. This behaviour is reasonable if one considers that the CO 2 molecule is acidic, and therefore its retention on the solid surface will be greater if there are a large number of basic sites. An increase in the CO 2 adsorption capacity was observed [Figure 6(b) ] at the zero point of charge (i.e. the pH at which the number of positive charges equals the negative charges such that the net charge on the carbon surface is zero), which is consistent, because this value is indicative of the increased basic character of the carbonaceous surface, and therefore greater affinity of the solid for the gas molecule. The samples were tested with regard to CO 2 adsorption at 273 K and atmospheric pressure. Figure 7 shows the isotherms of the granular materials; the sample with the maximum adsorption capacity was GPCa2 (2.65 mmolCO 2 g −1 ), whereas maximum adsorption by the monolith was 5.76 mmolCO 2 g −1 . As discussed earlier, precursor compaction to form the monolith increased the textural properties of the material, such that it could adsorb two times the amount of CO 2 as the granular material produced under the same experimental conditions.
The samples obtained in this study had a CO 2 adsorption capacity between 2.65 and 5.76 mmol CO 2 g −1 . These values are satisfactory compared with the CO 2 adsorption capacities obtained for other activated carbons prepared from different materials (Table 3) RNO300 (Plaza et al. 2010 ) and others, with adsorbed amounts of CO 2 up to 8.63 mmol CO 2 g −1 . The CO 2 adsorption capacity is primarily related to the volume of micropores. Figure 8 shows the relationship between the CO 2 adsorption capacity, the BET area and the micropore volume. It can be seen that an increased adsorption capacity for this gas was associated with these two textural parameters. This was the expected behaviour because greater surface area was available to interact with the adsorbate.
CONCLUSIONS
Five samples of carbonaceous materials were prepared using CaCl 2 as the activating agent. The BET areas in the range of 245-1700 m 2 g −1 and micropore volumes in the range of 0.09-0.64 cm 3 g −1 were obtained. The best characteristics were obtained for the samples MPCa2 and GPCa2, which were prepared under the same conditions, varying only in terms of the presentation of the material. An increase in the concentration of CaCl 2 decreased the textural characteristics of the samples as well as the adsorption capacity.
The immersion enthalpies in benzene were between −17.95 and −95.75 J g −1 and in water were between −12.49 and −30.24 J g −1 . This provided evidence of an increase in the CO 2 adsorption capacity with an increase in the surface area, pore volume and total basicity of the materials. Moreover, we observed correlations in the data obtained by different characterization techniques, allowing us to associate the behaviour of porous solids with specific adsorption processes.
